Abstract Localized kinetic-scale regions of strong current are believed to play an important role in plasma thermalization and particle acceleration in turbulent plasmas. We present a detailed study of a strong localized current, 4900 nA m −2 , located at a fast plasma jet observed in the magnetosheath downstream of a quasi-parallel shock. The thickness of the current region is ∼ 3 ion inertial lengths and forms at a boundary separating magnetosheath-like and solar wind-like plasmas. On ion scales the current region has the shape of a sheet with a significant average normal magnetic field component but shows strong variations on smaller scales. The dynamic pressure within the magnetosheath jet is over 3 times the solar wind dynamic pressure. We suggest that the current sheet is forming due to high velocity shears associated with the jet. Inside the current sheet we observe local electron acceleration, producing electron beams, along the magnetic field. However, there is no clear sign of ongoing reconnection. At higher energies, above the beam energy, we observe a loss cone consistent with part of the hot magnetosheath-like electrons escaping into the colder solar wind-like plasma. This suggests that the acceleration process within the current sheet is similar to the one that occurs at shocks, where electron beams and loss cones are also observed. Therefore, electron beams observed in the magnetosheath do not have to originate from the bow shock but can also be generated locally inside the magnetosheath.
Introduction
The magnetosheath downstream of a quasi-parallel shock is one of the most turbulent plasma environments in the near-Earth space [Retino et al., 2007] , where large variations are observed in the magnetic field, plasma density, and velocity. In this turbulent environment, plasma is efficiently thermalized [Retino et al., 2007; Chasapis et al., 2015] and particles accelerated to suprathermal energies have been observed there [Retino et al., 2007] . However, the plasma thermalization and particle acceleration processes are still not fully understood. Strong localized kinetic-scale currents are believed to play an important role in these processes [Priest and Forbes, 2000; Birn and Priest, 2007; Karimabadi et al., 2014] . Such localized current sheets are ubiquitous in the magnetosheath downstream of quasi-parallel shocks [Greco et al., 2008; Servidio et al., 2009; Wan et al., 2015; Vörös et al., 2016] . Magnetic reconnection processes can start in those current sheets leading to plasma heating and particle acceleration [Retino et al., 2007; Karimabadi et al., 2014; Chasapis et al., 2015; Yordanova et al., 2016] . Simulations suggest that a possible generator of those current sheets can be localized dynamic pressure enhancements often called (high-speed) jets [Karimabadi et al., 2014; Hao et al., 2016; Omidi et al., 2016] . These jets have also been observed in spacecraft data [Plaschke et al., 2013; Archer and Horbury, 2013] , but their relation to current sheet formation is not fully understood. Numerical simulations and theory suggest that velocity shears can contribute to the formation of current sheets [Mikhailovskii, 1974; Servidio et al., 2015] . So far, due to instrumental limitations of earlier missions, a detailed description of all these processes at kinetic scales has been lacking. To understand current sheet formation and processes leading
The new Magnetospheric Multiscale (MMS) mission [Burch et al., 2016] provides greatly improved particle measurements with a small spacecraft separation, making it possible for the first time to perform detailed studies of the kinetic processes occurring inside thin current sheets. MMS measures the electron and ion distribution functions at sufficiently high cadence (30 and 150 ms, respectively) to resolve kinetic scales. In addition, the MMS apogee during the first year has been far enough from Earth that during periods of high solar wind pressure MMS crossed the bow shock for short time intervals. Thus, the magnetosheath at different distances from the shock could be sampled. MMS has already collected data from many events within the magnetosheath regions downstream of a quasi-parallel shock, and it is important to carry out both detailed event studies as well as statistical studies to understand the major physical processes leading to plasma heating and particle acceleration there.
In this paper we present a detailed study of a strong, kinetic-scale magnetosheath current sheet, located in a magnetosheath jet region, and its related electron acceleration. The paper is organized as follows: section 2.1 gives an overview of the region where the strong current sheet is observed, section 2.2 presents the current sheet, in section 3 we discuss the current sheet formation and the electron beam observed in the current sheet, and in section 4 we give our conclusions.
Event Overview

Large-Scale Context
We present MMS observations of the magnetosheath, downstream of a quasi-parallel shock, on 30 November 2015 when MMS was at [8, −3, −0.5]Re in Geocentric Solar Ecliptic (GSE) coordinates. During this period the spacecraft separation was 20 km, which is comparable to the ion inertial length ( i ∼ 23 km) and thus allows detailed kinetic studies of the current region. We use magnetic field B data from the fluxgate magnetometer (FGM) [Russell et al., 2016] , electric field E data from the FIELDS electric field double probes instrument [Lindqvist et al., 2016; Ergun et al., 2016] , and particle data from the fast plasma investigation (FPI) instrument [Pollock et al., 2016] . We also use OMNI [King and Papitashvili, 2005] data to determine the undisturbed solar wind parameters during the event. The fast solar wind (V SW = 465 km s −1 ) has a very high density (n SW =19 cm −3 ); and therefore, the solar wind dynamic pressure P SW dyn (∼7 nPa) is much larger than normally observed values leading to a highly compressed magnetosheath. The predicted IMF orientation during the selected event is [−7.0, 3.0, −3.0] nT in GSE, corresponding to a shock angle of 27 ∘ [Farris and Russell, 1994; Shue et al., 1998 ] with respect to the shock normal at the spacecraft location. Thus, MMS was located in the magnetosheath downstream of a quasi-parallel shock. Figure 1 shows a 1.5 min overview from MMS4 surrounding the selected current region (highlighted in orange). The violet areas indicates regions of magnetosheath jets according to the Plaschke et al. [2013] identification criterion which is also explained later in the text. The data from the four spacecraft are very similar over large scales, due to the small spacecraft separation, thus we primarily show data from MMS4. During the whole interval MMS is in the turbulent magnetosheath downstream of the bow shock. The magnetic field, Figure 1a , shows variations on different scales in all components including the magnitude of the field. There is a strong magnetic field increase, up to about 100 nT, right when the current peaks. Figure 1b shows the current calculated using the four-spacecraft curlometer method [Dunlop et al., 1988] . During the whole time interval there are many regions with strong current; the strongest current region (J > 4000 nA m −2 ) is analyzed in this paper. Figures 1c-1e show the ion and electron velocities, and densities, respectively. The magnitude of the ion velocity is ∼ 200 km s −1 for the whole event, except around 00:24:20-00:24:30 UT where it reaches almost 300 km s −1 . The strong current region is embedded in this high flow region. The predominant direction of the ion velocity throughout the interval is −X, but there are large variations in the velocity direction, clearly showing the turbulent nature of the flow. Over large scales, the electron velocity (Figure 1d ) is similar to the ion velocity but there are narrow regions of increased electron speed that in most cases coincide with regions of strong currents. The current region selected for this study is associated with a peak electron speed of ∼500 km s −1 . Throughout the interval, the density (Figure 1e ) is well above the solar wind density, consistent with the spacecraft being in the magnetosheath. In localized regions density peaks can reach well above 200 cm −3 . Near one such density peak region is the location of the selected current region. Figure 1f shows the different plasma pressures. The solar wind dynamic pressure in the x direction calculated from the OMNI data is marked with a dotted grey line. In a stationary situation the total pressure in the magnetosheath would be balanced by the solar wind dynamic pressure, P SW dyn
. However, we see that the total pressure P tot observed by the spacecraft is varying, and in several regions it is several times larger than P SW dyn . When looking at the different components of the P tot , we can see that in the regions of high pressure the dynamic pressure,
, is dominant. Furthermore, we observe both density and plasma speed increases in these regions that contribute to the increase in P dyn . According to the Plaschke et al. [2013] identification criterion (a jet region is where P dyn ∕P SW dyn >0.25 and has a peak >0.5), these high-pressure flows are magnetosheath jets. Summarizing, inside the magnetosheath we have regions of high-pressure flows, also called magnetosheath jets, and in one such flow is our selected current sheet. Figure 1g shows the ion omnidirectional spectrogram. It clearly shows large variations throughout the interval. The regions of high-pressure flows are associated with ion spectra having distinct peaks around 500 eV to 1 keV, while in other intervals ions are more evenly spread across the energies. This indicates that in the regions of high-pressure flows ions are less thermalized and their properties are closer to the undisturbed solar wind.
Current Sheet Properties
Now we analyze the orientation and velocity of the current region. Minimum variance analysis on the magnetic field, downsampled to the electron velocities, and averaged over the four spacecraft for the time of the current sheet ( Figure 4h . This velocity is comparable to but slightly slower than Vi N (see Figure 4h ). Thus, in the current sheet frame there is a net flow of plasma from the side of solar wind-like plasma to the side of the magnetosheath-like plasma. Combining the current sheet velocity with the duration of current sheet crossing, 0.4 s, gives an estimate of the current sheet thickness as ∼ 60km (∼ 2.6 i ). Figures 2a and 2b show the position of the four spacecraft relative the current sheet in the N, L and N, M planes, respectively. Figure 2 shows the magnetic field in the LMN coordinate system for all four spacecraft, where Figure 2c shows the B L component for all four spacecraft, while Figures 2d-2g show the magnetic field components in L, M, and N direction as well as the magnetic field magnitude time shifted to be aligned with the estimated current sheet location. We note that for a given time step the magnetic field can be quite different between the different spacecraft (see Figures 2d-2g ). Because the spacecraft separation is slightly less than one ion inertial length, this indicates that sub-ion scale processes are at work in the current sheet, which could explain some of the observed differences. The magnetic field normal to the current sheet B N is roughly constant across the current sheet for MMS1-MMS3, but MMS4 shows a significantly different value for almost 0.3 s within the current sheet. This indicates that the current sheet is not just a planar structure but shows internal structure on the scale of the spacecraft separation. The four spacecraft observe negative B N values with an average of B N ∼ −16 nT. This suggests that the current sheet is not a tangential discontinuity, but instead that both sides of the current sheet are magnetically connected. We return to this point in section 3. In summary, four-spacecraft measurements have allowed us to estimate the current sheet's orientation, velocity, and thickness; and inside the current sheet we observe internal structuring at sub-ion kinetic scales. Figure 3 gives a zoomed in view of the current sheet as seen by MMS4, except for one panel where multispacecraft data are used. Figure 3a shows the magnetic field. The current sheet interval is marked by the orange shaded area, and a jump in the magnetic field components can be clearly seen inside the current sheet. We also observe an increase in the magnitude of the magnetic field almost in the center of the current sheet (00:24:22.15 UT). Figure 3b shows the current estimated using the curlometer method [Dunlop et al., 1988] . The highest current density, 4900 nA m −2 , is observed in the center of the current sheet. However, there is a significant current density in almost the entire interval starting from about 00:24:21UT. The current is mainly aligned with the local magnetic field in the antiparallel direction. One can also notice that both the magnetic field and the current show distinct fluctuations about 0.8s after the current sheet crossing. All this suggests that the current sheet is not a single well isolated structure that can be studied independent of the surrounding environment. Figures 3c and 3d show the ion and electron velocities, respectively. The ion velocity shows that the values of V Y and V Z are closer to zero, while V X shows an increase from about 200 km s −1 in the beginning of interval to about 250 km s −1 at the end of the interval. The electron velocity on a large scale is similar to the ion velocity; however, it shows much larger fluctuations correlated with the current. Thus, electrons are the dominant current carriers during the interval. The electron velocity peaks at the center of the current sheet. Figure 3e shows the ion omnidirectional flux. It shows that right before the current sheet we have a warmer magnetosheath-like plasma, while right after the current sheet the ion spectrogram shows a narrower peak in energy corresponding to colder plasma and is thus more like the undisturbed solar wind but still warmer and denser than the pristine solar wind. The narrow peak in energy is clearest within the strong current region. Figures 3f-3h show the electron distribution functions in the parallel, perpendicular, and antiparallel directions, respectively. The values for the colorbar have been selected so that the distribution function in the thermal range is well resolved. The high-energy edge of the thermal range is very sharp in the parallel direction, while for the antiparallel and perpendicular directions, it is relatively smooth. This suggests that the distributions in the antiparallel and perpendicular directions are more Maxwellian, while in the parallel direction the distributions show signs of parallel acceleration and corresponding flattop formation. Detailed inspection of the parallel spectrogram shows that during some time intervals the distribution functions have peaks at higher energies that correspond to electron beams ( Figure 5 ). Electron beams can be signs of ongoing local parallel acceleration, or they can be forming elsewhere and propagate into the region. The parallel distribution function spectrogram also clearly shows that the region just before and within the current sheet is where the parallel acceleration reaches the highest energies throughout the interval. Figure 3i shows the parallel and perpendicular electron temperatures. The region before and within the current sheet is associated with a temperature increase that is mostly in the parallel direction. In addition, the temperature of the region right after the current sheet (00:24:22.4 UT) is about 20 eV lower than the temperature of the region right before the current sheet (00:24:21.8 UT). In summary, observations at the current sheet show signs of ongoing thermalization and parallel acceleration processes.
Discussion
The multispacecraft observations of the strong current region presented in Figure 2 suggest that it is not a simple planar current sheet. When the magnetic field is averaged over all spacecraft, the minimum variance result shows very good ratios between the M/N and L/M eigenvalues (61 and 6.1, respectively). This is a strong argument in favor of the current region being a current sheet on a larger scale. However, when the minimum variance method is applied to all magnetic field measurements from all four spacecraft (instead of averaging), the ratios of eigenvalues are significantly worse ( M ∕ N = 5.5, L ∕ M = 3.6). This suggests that the current sheet shape is most likely not planar on the scale of the spacecraft separation. This is consistent with the large differences between spacecraft, tens of nanoteslas, seen in the magnetic field components plotted in the current sheet reference frame, see Figure 2 . In addition, MMS4 observes a peak in magnetic field magnitude of almost 110nT, while, e.g., MMS1 does not have such a distinct peak and its value is less than 90nT. This shows that on a scale of the spacecraft separation there is a large difference in the magnetic field pressure. All this suggests that similar to the observations made by Greco et al. [2016] in the solar wind the strong current region has a complicated three-dimensional (3-D) structure on the scale of the spacecraft separation (∼ i ). 
Current Sheet Formation
Next we discuss some possible formation mechanisms for such a strong current region. One possibility is that the current sheet is formed in the solar wind and crosses the bow shock into the magnetosheath. However, detailed analysis of magnetic field data from Themis B, Themis C, and Geotail (not shown), which were located in the solar wind when the current sheet was observed by MMS, shows no evidence of strong, thin current sheets. Therefore, the formation of the current sheet is most likely done locally. Figure 4 shows the magnetic field, the ion and electron velocities, and vorticity, w = ∇ × V i , in the LMN coordinate system for all four spacecraft. The strong current region, seen also as the large difference in B L in Figure 4 , is marked orange. On average, for both electrons and ions, V M and V N show larger velocities than V L . However, the large-scale velocity variations in the region surrounding the current sheet are of the order 100 km s −1 in all components.
This indicates that there is a velocity shear across the current sheet. Velocity shears are known to create thin, strong current sheet regions, possibly susceptible to instabilities, such as the Kelvin-Helmholtz instability. In addition, we observe large differences in velocities between the spacecraft both in ion and electron velocities. This indicates that significant velocity shears can be present on scales smaller than the spacecraft separation. This is also supported by a peak in the vorticity at the current sheet (Figure 4j) . The difference in Vi N between the beginning and end of the time interval is almost 100km s −1 with Vi N being the largest at the end of the interval. There can be several explanations for such a jump in Vi N . First, the current region can be forming at the front edge of a faster plasma jet (the end of the interval) penetrating a region with a smaller velocity (the beginning of the interval). Earlier studies have shown local shocks forming in regions of fast plasma jets 10.1002/2016JA023146 [Hietala et al., 2009] . We can estimate the magnetosonic Mach number in the current sheet reference frame during the current sheet crossing
where V MS is the fast magnetosonic wave speed along the current sheet normal. The M MS values are all below 0.4 and thus the ion flow, in relation to the current sheet, is submagnetosonic. Thus, the current sheet is no local shock. Second, the difference in Vi N could correspond to the inflows into a reconnecting current sheet. However, in this case the inflow speed would be about 50km s −1 , which is very large in comparison to the local Alfvén speed of about 100km s −1 . The relative reconnection rate of about 0.5 has not been reported earlier from simulations or observations, and thus this scenario does not seem probable. In summary, the thin current sheet is most likely formed locally due to velocity shear, but we cannot rule out other possibilities.
Observations show that the strong current region is located in a magnetosheath interval where the total pressure is over three times higher than the dynamic pressure in the undisturbed solar wind as estimated from OMNI data. During this interval the total pressure in the magnetosheath is dominated by dynamic pressure, similar to the undisturbed solar wind. The dominance of the dynamic pressure is an indicator for the presence of jets. Such magnetosheath jets downstream of a quasi-parallel shock have been found in both observational data and simulations before, and it has been suggested that they are created due to varying shock geometry [Hietala et al., 2009 [Hietala et al., , 2012 Karimabadi et al., 2014; Plaschke et al., 2016] . Because we expect such jets to form in localized regions, they will drive turbulence inside the magnetosheath and we expect velocity shears to form on the edges of those jets or in front of them as they interact with preexisting magnetosheath plasma. The velocity data in Figure 4 support the possibility of such a current sheet formation mechanism.
To study the current sheet in more detail, we performed the Walén test [Khrabrov and Sonnerup, 1998 ], using ion velocity and average magnetic field from all four spacecraft, on the interval surrounding the current sheet region, 00:24:21.7 UT-00:24:22.7 UT. The Walén test is acceptable with a slope of 0.66 and a correlation coefficient of 0.89. This supports the observation that both sides of the current sheet are magnetically connected, as is also seen by B N being nonzero, and that there is a net plasma flow from one side of the current sheet to the other. A good Walén test is usually used to indicate reconnection, but there is no other clear reconnection signature observed; and therefore there is not sufficient evidence that reconnection is occurring within the current sheet. We cannot exclude the possibility that the internal structure within the current sheet is due to, for example, flux rope formation during reconnection, but this cannot explain the good Walén test using a larger time interval. It can even be that the current sheet starts reconnecting later as it propagates deeper into the magnetosheath since reconnecting current sheets inside the magnetosheath have been observed in earlier studies [Retino et al., 2007; Chasapis et al., 2015; Yordanova et al., 2016] .
Electron Beam Properties
Next we discuss the electron distributions around the current sheet. Observations suggest electron heating and parallel electron beam formation inside and near the current sheet region, Figures 3f-3i . The electron jet observed in the current sheet (Figure 3d ) that carries the current is due to an electron beam (Figure 3f ). The beam is in the direction parallel to the magnetic field, and to study the electron distribution function in more detail, we show the distribution function in the center of the current sheet in Figure 5 . Figure 5a shows the 0 ∘ , 90 ∘ , and 180 ∘ pitch angle distributions versus energy. Figure 5b shows the full pitch angle distribution where the different colored lines indicate different energy levels. The electron beam can be seen in both panels between 80 and 200 eV and confined in the angular direction to pitch angles less than about 45 ∘ . The density and speed of the beam is about 15 cm −3 and 5.8 ×10 3 km s −1 , respectively, which is almost 10% of the total electron density with an electron beam energy (∼100 eV) of about twice the electron thermal energy. At higher energies of about 210-450 eV, which are above the beam energy, there is a decrease in the electron distribution in the parallel direction. Thus, something similar to a loss cone is formed at those energies and suggests that there are high-energy magnetosheath-like electrons heading toward the solar wind-like plasma and escaping. The loss cone size in this scenario is determined by the ratio of local magnetic field magnitude and the peak magnetic field magnitude along the electron path into the solar wind-like plasma. In such a case we expect to observe loss cone pitch angles close to 90 ∘ when the spacecraft observes the largest magnetic field magnitude. The observations are consistent with this; Figure 3a shows that MMS4 observes the largest magnetic field magnitude at about 00:24:22.12 UT, and around this time the loss cone angle is close to 90 ∘ . Thus, around that time all observed high-energy magnetosheath-like electrons escape into the solar wind-like plasma. In summary, at energies comparable to and below the beam energy solar wind-like electrons are accelerated and penetrate the magnetosheath-like plasma, and at higher energies we observe a loss cone due to magnetosheath-like electrons escaping into the solar wind-like plasma.
The electron beams inside the current sheet are most likely formed locally in the magnetosheath due to acceleration from an electrostatic potential difference along the ambient magnetic field. Electron beams are observed continuously in the interval, see Figure 3f . When analyzing Figures 3f-3h in more detail, we see that the beams are always in the parallel direction, indicating a parallel acceleration mechanism. However, despite the continuous observation of beams along the whole interval (Figure 3f ) , there are observations suggesting that the beam generation is ongoing throughout the current sheet, as the properties of the electron population shift from a cold solar wind-like to a hot thermalized magnetosheath-like population. There are two main observations suggesting that the electron beams inside the current sheet are locally generated. First, local acceleration requires a local parallel electric field. The strong field-aligned current in the current sheet, where we observe electron beams with the highest energy, suggests the possibility of formation of such a parallel electric field. Second, the beams observed in the end and beginning of the interval (Figure 3f ) are more diffused than the ones observed right before and inside the current sheet. More diffused beams have lower beam energies, and their slope in the parallel distribution function, at energies above the peak beam energy, is flatter. This could be due to wave-particle interactions which with time will diffuse an electron beam making its slope at higher energies flatter with a lower peak beam energy and contribute to the heating of the plasma. Thus, more diffuse electron beams have formed farther away. This is consistent with observations of different electrostatic waves in the regions of strong current (not shown), which are most likely generated by the locally accelerated electron beams. All these observations fit well with the theory of electron acceleration proposed by Feldman et al. [1983] commonly used to explain electron acceleration across a shock due to a change in electrostatic potential. However, in our case, the electron acceleration is occurring inside the magnetosheath. Thus, our observations indicate that electron acceleration due to electrostatic potential jumps also occurs locally inside the magnetosheath and not just across the bow shock. Therefore, electron beams observed in the magnetosheath do not have to originate from the bow shock.
Conclusions
We present detailed kinetic observations of a strong, narrow current sheet at a fast magnetosheath jet downstream of a quasi-parallel shock. The current sheet has a thickness of about 3 i and is propagating approximately antisunward with a speed of ∼150 km s −1 . Different minimum variance analysis results from average, and all multispacecraft magnetic field measurements indicate that the current sheet is not a simple planar structure but has a complex 3-D geometry. The current sheet is observed within a magnetosheath jet with dynamic pressure significantly higher than the solar wind dynamic pressure. The jet is submagnetosonic in relation to the current sheet. The current sheet is formed at the boundary between a colder, more solar wind-like, plasma and warmer, magnetosheath-like, plasma. Large velocity shears are present in the region of the current sheet and can be the cause of its formation. The velocity shears themselves are most likely due to the magnetosheath jet. The current sheet has a strong 16 nT normal component of the magnetic field, and there is a net plasma flow across the current sheet, which is consistent with our Walén test result. However, there are not enough signatures to confirm that reconnection is occurring within the current sheet. We speculate that this current sheet may reconnect as it propagates deeper into the magnetosheath.
Inside the current sheet we observe electron acceleration parallel to the magnetic field corresponding to acceleration toward Earth. Almost 10% of the electron density, corresponding to 15 cm −3 , is in the beam, and the energy of electrons in the beam is ∼100 eV, corresponding to about twice the electron thermal energy. The electron beam may be responsible for part of the electron heating due to wave-particle interactions in the magnetosheath plasma. Our observations at the current sheet suggest that the electron beams are forming locally due to a difference in the electrostatic potential along the ambient magnetic field. In addition, we observe a loss cone at energies above the beam energy, which is consistent with hot magnetosheath-like electrons escaping sunward. Similar features of electron beams and loss cones have been observed at the bow shock due to acceleration from a change in the electrostatic potential across the shock [Feldman et al., 1983] . Here we show evidence that such an acceleration process can work not only at the shock but also at current sheets farther inside the magnetosheath.
